We test the critical point concept for earthquakes in terms of the spatial correlation length. A system near a critical point is associated with a diverging correlation length following a power law time-to-failure relation. We estimate the correlation length directly from an earthquake catalog using single-link cluster analysis. Therefore we assume that the distribution of moderate earthquakes re ects the state of the regional stress eld. The parameters of the analysis are determined by an optimization procedure, and the results are tested against a Poisson process with realistic distributions of epicenters, magnitudes, and aftershocks. A systematic analysis of all earthquakes with M 6:5 in California since 1952 is conducted. In fact, we observe growing correlation lengths in most cases. The null hypothesis that this behavior can be found in random data is rejected with a con dence level of more than 99%. Furthermore, we nd a scaling relation log R 0:7M (log h max i 0:5M), between the mainshock magnitude M and the critical region R (the correlation length h max i before the mainshock), which is in good agreement with theoretical values. 
Introduction
In the recent past, time-to-failure methods have become important for the quantitative description of seismicity prior to large earthquakes Varnes, 1989; Sykes and Jaum e, 1990; Bufe and Varnes, 1993; Saleur et al., 1996 ; Jaum e and Sykes, 1999; Main, 1999] . The main assumption in this approach is that an underlying critical point resulting from many-body interactions in the Earth's crust is responsible for the emergence of long-range interactions characterized by power laws. Using equations from crack propagation Das and Scholz, 1981] and damage mechanics Leckie and Hayhurst, 1977] , Bufe and Varnes 1993 ] derived a formula for the cumulative seismic release : ( )(t) = A + B(t f ? t) m :
(1)
Here, t f is the failure time, the constant A is positive, the constant B is negative and the critical exponent m is constrained between 0 and 1. is a measure of the earthquake size that is related to the magnitude M by log = cM + d
with constants c and d. In other words, the region that is preparing for a large earthquake is characterized by accelerated seismic release Sykes and Jaum e, 1990] . As a measure of earthquake size, many seismologists use the cumulative Benio strain, which is dened as the square root of the energy ( )(t) = P N(t) i=1 p E i . In a retrospective analysis, Bufe and Varnes 1993] showed that (1) provides good estimates for the time and the magnitude of the 1989 Loma Prieta earthquake in California. Bowman et al. 1998 ] presented a systematic analysis for California seismicity. They found that eight earthquakes with M 6:5 in their data set were preceded by accelerated seismicity with a con dence level of 99:6% and that the size of the critical region scales with the magnitude of the oncoming event according to log R 0:44M. Braile 1998, 1999 ] used a re ned time-to-failure analysis to predict mainshocks in the New Madrid Seismic Zone and in southern California. A review is given by Jaum e and Sykes 1999] . In terms of critical point behavior the acceleration of seismic release is the consequence of the growth of the spatial correlation length. In this view, a small rupture can only grow into a large earthquake if a critical value of the spatial correlation length is reached. In the preparatory process of a mainshock, long-range correlations are established by the redistribution of stress from smaller to larger scales. Thus, in a highly correlated stress eld a small rupture can jump barriers and grow into a large earthquake, while the rupture process is halted earlier in a less correlated stress eld. When criticality is reached, the system may remain near this state. Such behavior is known as self-organized criticality Bak and Tang, 1989; Geller et al., 1997; Hainzl et al., 1999 Hainzl et al., , 2000 . At the critical point the correlation length is only limited by the size of the physical system Sammis and Smith, 1999] . The increase of the correlation length can be modeled using the renormalization group theory Saleur et al., 1996] , which also reproduces (1). Sornette and Sammis 1995] presented a model for a discrete hierarchical ordered fault network, which reproduces a power law increase of Benio strain according to (1) with an additional term of (second-order) log-periodic uctuations. Such log periodicity has been observed and documented in several cases Sornette and Sammis, 1995; Varnes and Bufe, 1996] .
This paper attempts to test directly for growing spatial correlation lengths prior to large earthquakes. This is an independent approach to detect critical point behavior in observed seismicity. In contrast to the Benio strain, which can be easily calculated from an earthquake catalog, it is not straightforward to calculate the correlation length. Therefore we assume that the distribution of moderate earthquakes re ects the actual state of the regional stress eld. This view is justi ed by the fact that in a stress eld, which is correlated over a large region, earthquake triggering over long distances is likely to occur. In particular, earthquakes are initiated preferably at the ends of a crack. If the stress changes at one end and friction is negligible, the stress is directly transferred to the other end. Far from a critical point, small cracks are distributed randomly, and thus the distribution of epicenters is approximately random. Near the critical point, the emergence of longer cracks makes longer stress transfers possible. Hence it is reasonable to assume that the epicenter distribution changes when the critical point is approached. In this view, the correlation length can be considered as a characteristic distance, or cluster size, of events in a certain time interval. A powerful method to extract \natural" distances from earthquake catalogs, is single-link cluster analysis (hereinafter referred to as SLC) introduced by Frohlich and Davis 1990] .
For the calculation of the correlation length as a function of the time a space window has to be speci ed. Z oller et al. 1998 ] showed that the dynamics of spatially extended complex systems is most clearly observable on intermediate spatial scales between the noisy microscales and the large scales that include uncorrelated regions. Thus we optimize the space window in order to provide the best observation of growing correlation length. Using synthetic catalogs, the probability that the results come from spurious patterns generated by the procedure itself can be estimated. With regard to the optimization procedure mentioned above, it is clear that these synthetic data play an important role. The use of catalogs with uniformly distributed epicenters and random occurrence times, for instance, is not appropriate for this purpose because the inhomogeneously distributed epicenters as well as the aftershock activity in the original catalog may result in an erroneous rejection of the null hypothesis. In our study, we construct a signi cance test based on a Poisson process model for seismicity that accounts for the distributions of epicenters, magnitudes, and aftershocks in the genuine data.
This paper is organized in the following way: In section 2 the data and the method to test the hypothesis of growing correlation length are described in detail. The results of the data analysis are presented in section 3 and discussed in section 4. Finally, the conclusions are given in section 5.
Data and Method
In this work, we analyze the seismicity in California between 32 N and 40 N latitude. The data are taken from the Council of the National Seismic System (CNSS) Worldwide Earthquake Catalog (available via the Internet (http://quake.geo.-berkeley.edu/cnss). The catalog covers the time span from 1910 to the present. The distribution of earthquakes is shown in Figure 1 . To account for completeness of the data, we restrict the analysis to nine mainshocks with M 6:5 since 1952 (see Figure 1 ).
The test on growing correlation lengths can be decomposed in three parts, which are described in sections 2.1{2.3.
Correlation Length
If a system approaches a critical point, the correlation length is expected to grow according to a power law Bruce and Wallace, 1989] :
where k is positive. Assuming a scaling relation E n , (3) leads also to (1) for the cumulative Benio strain.
The correlation length is estimated using a speci ed version of SLC analysis, which is described in detail by Frohlich and Davis 1990] . For that, we consider a distribution of N earthquakes. Each individual event is linked with its nearest neighbor event in space to form a set of small clusters. In the next step, each cluster is linked with its nearest neighbor cluster. This process is repeated, recursively, until the N events are connected with N ? 1 links. The probability density function (s) gives the probability that a link length is smaller than or equal to s. We de ne the correlation length by the condition ( ) = 0:5.
The time evolution of the spatial correlation length is calculated in the following way (see Figure 2 ): The Figur space window is a circular region around the mainshock epicenter ( Figure 2a) ; the time interval, which begins with the rst event in the catalog (1910) and ends with the mainshock occurrence time t f , is divided into overlapping time bins t i?1 ; t i ]. Therefore we use a sliding window which moves with a step t, corresponding to four events. Because of statistical reasons, we do not x the length of the time bins, rather we use bins that contain the same number of events. In this study, each value (t i ) is based on 20 events ( Figure 2b ). However, we nd that the results are relatively robust if this number is changed.
Power Law Fit
From the procedure described in section 2.1, the correlation length (t) is obtained for a xed value of R. In order to test the critical point concept we t relation (3) to this function in the time interval t 0 ; t f ], where t 0 is a free parameter (see Figure 2c ). The underlying assumption is that the growth of the correlation length is only observable in the last time interval, where the signal exceeds the noisy background.
Altogether, we have to x three parameters: The radius R, which de nes the space window for the calculation of (t) (see section 2.1), and the time t 0 and the critical exponent k, which determine the power law t. Following Bowman et al. 1998 ], we use an optimization technique, where a curvature parameter C measures the degree of acceleration: C = power law t root-mean-square error constant t root-mean-square error : (4) When the correlation length (t) can be t by a power law, C will be small. Conversely, if no acceleration takes place, the values of (t) will scatter around a constant and consequently C is close to 1. For each mainshock we determine those values of t 0 , k, and R, which provide the smallest curvature parameter C.
The critical exponent k is constrained between 0:01 and 1.
Signi cance Test
We have to test the signi cance of our results because the growth of the correlation length according to the power law (3) might occur by chance in a random data set. Such a random pattern would be detected by the optimization procedure described above. In this context, it is also important to note that the correlation length is more sensitive to uctuations in the data than a cumulative quantity, e.g., the cumulative Benio strain, where uctuations are smoothed out. An example for such a uctuation is the occurrence of aftershock sequences from a previous mainshock. The petering out of an aftershock sequence leads also to an increase of the correlation length and can thus be interpreted erroneously as a critical point phenomenon.
We want to emphasize that we cannot decide whether an observed increase of the correlation length in a special case comes from an underlying critical point process or is due to a random uctuation or a pattern coming from a di erent process, e.g., an aftershock sequence. Rather we can say with what probability the latter possibility can be ruled out if we apply the entire procedure to synthetic data that can also produce such patterns.
To calculate appropriate synthetic catalogs, we proceed in the following way: 1. The CNSS catalog is declustered using the algorithm of Reasenberg 1985] . 2. Random epicenters are calculated so that the epicenter distribution of the declustered CNSS catalog is t. 3. The earthquake occurrence times are drawn from a Poisson process. 4. The earthquake magnitudes are taken randomly from a probability distribution ful lling the Gutenberg and Richter 1956] law. 5. Aftershocks according to the Omori 1894] law are added using the algorithm of Reasenberg 1985] in inverse direction.
Items 3 and 4 de ne the well-known stochastic earthquake model proposed by Epstein and Lomnitz 1966] . The resulting synthetic earthquake catalog corresponds to a Poisson process in time with additional aftershock activity. The distributions of epicenters and magnitudes are similar to those of the genuine catalog.
To estimate the statistical signi cance of a curvature parameter C, calculated for a mainshock with magnitude M in the CNSS catalog, we rst generate 1000 synthetic catalogs. In each catalog we pick up an event with magnitude M and apply the optimization procedure. From the resulting 1000 values of C we nally compute the probability that a curvature parameter smaller than or equal to a certain value of C can be found in a synthetic catalog.
Data Analysis
The technique presented in section 2 is now applied to the California earthquake catalog. To account for arti cial seismicity variations, we have to introduce a lower magnitude cuto . In previous studies the acceleration process has been found to be most obvious for earthquakes with magnitudes within about two units of the mainshock magnitude Jaum e and Sykes, 1999; Knopo et al., 1996] . However, because the data analysis requires a minimum number of earthquakes, we use the lower value M cut = 4:0. To evaluate the stability of the results with respect to M cut , we have repeated the calculations with M cut = 3:5 and found no qualitative di erence in the results. In general, the correlation length grows when the system approaches the mainshock occurrence time. An exception is the 1952 Kern County earthquake. The 1983 Coalinga earthquake shows the best example for a power law increase, spanning the last three years before the event occurs. In two cases ( Figures  3e and 3g ) a sudden decrease of is observed before the main mainshock occurs. This is due to aftershock sequences of other mainshocks in the space window, for example, in the Landers case (Figures 3g) the signal of increasing is disturbed by the aftershocks of the M = 6:1 Joshua Tree earthquake on April 23, 1992, which occurred close to the epicenter of the Landers earthquake. Furthermore, it is striking that the two strongest earthquakes, the Kern County earthquake and the Landers earthquake, do not show critical point behavior in terms of a low curvature value. A possible explanation for this is the in uence of the smaller earthquakes (4 M 5). This can be tested by increasing the magnitude cuto toward M cut = 4:5 instead of M cut = 4:0. Because the number of data points decreases with M cut = 4:5, we use now a time step t for the sliding window corresponding to one event. The result is shown in Figure  4 for the same parameters as in Figure 3 . Now, the points for the Kern County earthquake can be t very well by a power law, and the quality of the t for the Landers event is clearly improved.
Next, we calculate the probability that the curvature parameter C, which is observed for a mainshock with magnitude M in the original catalog, can be found in a random catalog (see section 2.3). Figure   5 shows the cumulative probability distribution p(C) for 1000 earthquakes with M = 7:0, each drawn from a random catalog. The resulting probability for the 1989 Loma Prieta earthquake (see Figure 3f ) from the CNSS catalog is p = 8:2%. For this example the null hypothesis that the power law increase of the correlation length occurs by chance can be rejected with 91:8% con dence level. The results for all mainshocks are summarized in Table 1 . The nine values of p scatter around the mean value p = 0:264. The signi cance of this result can be evaluated by a comparison with the distribution of the mean value of nine random numbers in the unit interval. It can easily be shown that this mean value is Gaussian distributed around 0:5 with the standard deviation = 1= p 9 12. The probability for nine random numbers in the interval 0; 1] to have a mean value smaller than or equal to p = 0:264 is P = 0:7%. Thus the null hypothesis that the observed patterns can occur in a random catalog can be rejected with 99.3% con dence level.
Discussion
In our data analysis we have determined three parameters using an optimization technique. We want to discuss now to what extent these parameter values can be understood in terms of seismology.
Critical Region R and Correlation Length Before the Mainshock h max i
One of the most important quantities is the radius of the critical region R. In our study, we observe a critical region versus magnitude relation, which is shown in Figure 6a . The results can be t pretty good using the relation log R (0:70 0:15)M, which is denoted as a straight line in the plot. Following the arguments of Bowman et al. 1998 ], we conclude that this scaling relation is consistent with E R 2:1 0:45 ; (5) if log E 1:5M Kanamori and Anderson, 1975 ] is assumed. Note that E R 2 , which translates to log R 0:75M, is expected for large earthquakes (M 6) because the crust ruptures over its entire thickness and energy is released predominantly in two directions. In contrast, a small earthquake corresponds to a three-dimensional rupture (E R 3 or log R 0:5M). Although our result for this relation is based only on a small magnitude band, it agrees fairly well with theoretical ndings.
Next, we study the correlation length before the mainshock. Because (t) diverges at the time of the mainshock t = t f in (3), we de ne a quantity h max i as the mean value of over 2 years before the mainshock occurs. This quantity is plotted versus the mainshock magnitude in Figure 6b . The data points can be t by the relation log h max i (0:50 0:20)M, which is also close to the above mentioned theoretical value.
Our ndings are also comparable with the empirical relations log R 0:43M used by Keilis-Borok and 
Exponent k and Time t 0
The critical exponent k is found to scatter between the extreme values k min = 0:24 and k max = 0:57 (see Table 1 ) with the average k = 0:45. From a theoretical point of view, Rundle et al. 1996 ] have suggested a scaling exponent of k = 0:25 for the correlation length, which is observed in three cases, approximately. However, because of the sparse data, predictions of the scaling exponent k from our procedure are rather speculative.
We nd no reasonable correlation between the tting parameter t 0 , which de nes the duration of the precursory process, and the mainshock magnitude. Physically, one would expect a longer duration of accelerated seismicity for larger mainshocks because large earthquakes require more energy. Nevertheless, the results in Figure 3 suggest that there might be a correlation of t 0 with the occurrence times of aftershock sequences from a previous mainshock. This can be identi ed by small values for the correlation length and a large number of earthquakes in this time.
Although it is likely that the parameter t 0 is in uenced by aftershocks, the signi cance test described in section 2.3 suggests with a high con dence level (see last column in Table 1 ) that the observed patterns itself are not a consequence of previous aftershocks. This is also supported by the observation that the duration of the detected acceleration is much longer than typical durations of aftershock sequences. Such problems typically arise when noisy functions are analyzed: The signal (increasing correlation length) is perturbed (aftershocks), and the end of the perturbation is considered as the onset of the signal. Therefore the optimization technique should be improved in the future.
Comparison With Accelerated Moment Release Models
Is there a relation between the present results and the results of methods based on accelerated moment release? Both approaches are di erent viewpoints of the same assumption, namely, that large earthquakes are related to a critical point process in the Earth's crust. We have studied variations in the epicenter distribution, while the accelerated moment release models consider variation with respect to the energy release. Consequently, these models emphasize the largest earthquakes, whereas in our analysis the intermediate earthquakes with 4 M 5 are more important because they occur more frequently. Therefore it is not surprising that in both cases the detected patterns are observed for di erent parameter values. As an example, the space windows in the present study are on average larger than those in the analysis of Bowman et al. 1998 ]. Consequently, we mostly cannot observe both features simultaneously in the same space window.
However, we can compare the scaling relations reported in section 4.1 with the ndings from accelerated moment release models. Bowman et al. 1998] nd that the radius R is related to the mainshock magnitude M according to log R 0:44M, while Brehm and Braile 1998 ] suggest that log R 0:75M, which is close to our result for R. Plotting the results of Bowman et al. 1998 ] and Brehm and Braile 1998] together, Jaum e and Sykes 1999] nd log R 0:36M.
On average, our results are very close to those of the accelerated moment release models, although they are based on a completely di erent technique.
In summary, it is an important result that two different features of the same process are observable with high statistical signi cance. Both results together support the hypothesis of an underlying critical point.
Conclusions
In our study, we have tested the critical point concept for earthquakes in terms of growing spatial correlation length. The data analysis was designed in order to conduct a systematic investigation of an earthquake catalog. In principle, the same procedure can be applied to any other catalog that is homogeneous over several years. A main ingredient of the method is the determination of free parameters, using an optimization technique. This leads apparently to large uncertainties, especially when three parameters are optimized simultaneously. Thus we have combined this procedure with an appropriate signi cance test using synthetic data of high quality.
Our main nding is the observation of growing correlation length before several large earthquakes, which strongly supports the hypothesis that earthquakes are a critical point phenomenon. It is important that this precursory phenomenon cannot be reproduced using random catalogs with realistic distributions of epicenters, magnitudes, and aftershocks. The con dence level that the observed patterns are not a consequence of random uctuations is found to be above 99%. Furthermore, both the critical region and the correlation length before the mainshock show a reasonable scaling with respect to the mainshock magnitude.
In a future work, the predictive power of grow-
ing correlation length should be tested. Therefore t f will become a new tting parameter, and the question whether t 0 and k can be xed by empirical values has to be addressed. A grid search technique can be applied to extract regions of growing correlation length systematically from a data set. The occurrence time of the expected mainshock is then related to the new tting parameter t f , and the estimates for the epicenter and the magnitude are obtained from the critical region and the correlation length before the mainshock. For a further reduction of uncertainties in a predictive approach it also appears promising to combine the concepts of growing correlation length and accelerated moment release.
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